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(54) Improvements relating to electrical power assisted steering systems 

(57) An electric motor (12) of the brushless type is 
disclosed which is so constructed and arranged as to 
provide a low braking torque. An electric power steering 
system incorporating such a motor is also disclosed. In 
a preferred arrangement the motor (12) comprises an 
interior permanent magnet motor. An advantage of pro- 
viding a motor which generates low levels of braking 
torque in the event of a fault is that a driver can easily 
turn the wheel (3) of the vehicle in the fault condition ' 
against the motor. This reduces the requirements for 
motor fault protection. 
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Description 

[0001] This invention relates to inprovements in 
electric motors of the brush! ess type of the Wnd for use 
particularly although not exclusively in power assisted 
steering systems for vehicles in which the motor is 
adapted to apply an assistance torque to a portion of 
steering shaft in response to a motor drive signal. The 
invention also relates to electric power assisted steering 
systems of the kind set forth. 

[0002] In one known power assisted steering sys- 
tem, a first portion of the shaft is ope rati vely connected 
to a steering wheel, a second portion of the shaft is 
operative!/ connected to at least one steemble wheel, a 
torque sensor Is adapted to produce an output signal 
indicative of torque applied to the first portion of the 
shaft by a driver of the vehicle, and control means are 
adapted to process the output signal in order to produce 
the motor drive signal. 

[0003] The first end second portions of shaft may 
comprise respective portions of a single shaft , or may 
each comprise a separate shaft. 
[0004] The purpose of an electric power assisted 
steering system of the kind set forth is for the motor to 
apply an assistance torque to the second portion of 
shaft which makes it easier for the driver to turn the 
steering wheel. Typically, the motor is controlled using a 
pulse width modulation strategy with the motor drive 
signal being proportional to the torque required from the 
motor. 

[0005] In the prior art. such as our earlier applica- 
tion GB 961 91 75 the motor comprises a direct current 
brushiess motor driven by an electrical circuit in which 
the motor phase windings are connected in a bridge. 
Each phase is connected into a separate arm of the 
bridge between a positive and negative (or ground) sup- 
ply line. A respective top switching device is connected 
in series in each arm between a phase winding and the 
positive supply, and a respective bottom switching 
device is connected In each arm between a phase wind- 
ing and the negative (or ground) supply line Thus, for a 
3 -phase motor the bridge has 3 arms, each comprising 
atop and a bottom switching device. The motor can be 
controlled by pulse width modulating the top and bottom 
switching devices In the arms in any known manner to 
cause the motor to rotate. 

[0006] A problem with brushiess permanent mag- 
net motors is that a failure mode exists in which the 
motor phase windings may be shorted together to form 
a loop around at least two phases. This typically occurs 
if two top and/or two bottom devices stick or otherwise 
fail in a closed state to form a dosed path around the 
electrical circuit 

[0007] 6n such a failure mode, the motor wiP act as 
a generator, and any attempt to rotate the rotor within its 
phase windings wOJ induce a braking force which 
opposes the movement. In a steering system, this Is 
highly undesirable as in a worst case the braking force 



may be suff iciently Ngh as to prevent manual rotation of 
the second portion of shaft by the driver. 
[0008] The electric motor disclosed in GB 931 91 75 
is shown in Figure 6 of the accompanying drawings. It 

s includes a rotor 100 carrying a plurality of surface 
mounted permanent magnets of arcuate section. The 
magnets 101 are held in position by a non-magnetic 
sleeve (not shown) of approximately 0.3 mm to 0.$ mm 
which fits within the air gap 1 02 between the rotor mag- 

w nets and the stator 200. Flux passes through this air gap 
and non-magnetic sleeve to complete a magnetic circuit 
between poles on the stator and the rotor magnets. 
[0009] Because of the presence of the non-mag- 
netic sleeve, the gap between stator and rotor is reta- 

js lively large which results in a low motor reactance with 
in turn means high levels of braking torque. 
[001 0] It has been proposed to overcome this prob- 
lem tn several ways. Firstly, it Is known to provide a 
clutch between the motor and the shaft This is disen- 

& gaged in the event of a motor failure so that the motor 
will not resist attempts to turn the output shaft manually. 
[0011] in an alternative, it is known to connect the 
motor phase windings in a star formation and provide 
one or more isolating switches at the star point In the 

25 event of a failure, the isolating switches are opened so 
that it Is Impossible for a dosed loop to form. However, 
it is still possible for a failure of the isolating switches to 
occur which would allow a dosed loop to form. 
[001 2] An object of the invention is to ameliorate the 

so problems of braking force in a motor in an electric power 
assisted steering system. 

[0013] In accordance with a first aspect, the inven- 
lion provides an electric motor of the brushiess type so 
constructed and arranged as to produce a low braking 

35 torque in the event of a failure. 

[0014] By low braking torque we mean that the 
braking torque is less than that produced using a stand- 
ard surface mounted magnet motor. For example, the 
peak braking torque seen in the steering column due to 

4Q peak motor braking torque may be less than 70 Nm. or 
perhaps less than 30 Nm or less than 20 Nm. This low 
torque ensures that, although the braking torque will be 
felt through the steering wheel it can be easily overcome 
by the driver. 

4$ [001 5] The tow braking torque may be achieved by 
providing a motor with a high reactance. For example, 
the impedance of the motor may be greater than 
lOOmHenry, or preferably greater than at least 
130mHenrys- 

sc [0016] The motor may be adapted to provide a peak 
torque during motoring to the steering shaft of at least 
50 Nm or preferably at least 100 Nm or more. 
[0017] The motor may in one especially advanta- 
geous arrangement comprise an interior permanent 

66 magnet motor having a plurality of permanent magnets 
buried within a rotor structure. 

[0018] By "buried" we mean that the magnets are 
either flush with or below the level of the drcumference 
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of the rotor structure. When below the level of the cir- 
cumference, the magnets may be covered by a mag- 
netic or magnetically susceptible cover to provide a 
continuous smooth surface to the rotor. 
[0019] Preferably, the magnets are buried wholly 
within the rotor structure so thai the rotor provides a 
substantially continuous outer circumferential surface. 
The magnets may therefore be totally enclosed within 
the rotor structure. 

[0020] By providing a buried magnet motor the non- 
magnetic retaining sleeve required for surface mounted 
magnets motors can be eliminated, reducing the size of 
the air gap between the stator and rotor. This results in 
a motor having a higher impedance and hence lowered 
braking torque when a failure occurs. 
[0021 ] An advantage of an interior permanent mag- 
net motor over a conventional surface mount motor Is 
that there is no longer a need to provide a retaining 
sleeve to hold the magnets in place. This enables the 
magnets to be positioned closer to the stator. maximis- 
ing the value of the motor reactance which decreases 
the braking torque peak value. 

[0022] Preferably, each magnet is received within a 
slot in the rotor below the rotor surface. "The magnets 
may comprise rectilinear flat bar magnets having planar 
upper and lower faces which are received within slots In 
a rotor The rotor may have a unitary construction. Flat 
magnets are cheaper than arcuate magnets, and are 
easier to produce. 

[0023] This anangemerrt eliminates the need for 
the retaining sleeve, effectively placing the edges of the 
magnets closer to the stator and hence reducing the 
space therebetween. 

[0024] Preferably, the rotor is of steel or other suita- 
ble metallic material. This provides an improved mag- 
netic flux Bnkage between the stator poles and the rotor 
magnets. 

[0025] Of course, other types of motor could be 
employed which provide a low braking torque end thus 
fall within the scope of the present Invention. 
[0026] The rotor may be hollow whereby an axle 
can be passed through the rotor to attach the rotor to an 
output shaft Alternatively, the output shaft could form 
an integral part of the rotor. 

[0027] Preferably the gap between the stator poles 
and the outer surface of the rotor is less than 0.5mm, or 
ideally less than 0.3mm. To minimise the braking 
torque, this should be kept as small as possible within 
design tolerances. To this end, the slots are preferably 
provided as dose to the circumference of the rotor as is 
mechanically feasible to place the magnets as dose as 
possible to the stator poles. 

[0028] The motor may comprise at least two or 
more phases, although three phases is preferred. 
[0029] The mow phases may each comprise a 
number of phase windings connected in series or in par- 
allel. Each phase may be connected either in a Delta or 
a Wye formation. 



[0030] In accordance with a second aspect, the 
invention provides an electric power assisted steering 
system of the kind set forth in which the motor com- 
prises an interior permanent magnet motor having a 
5 plurality of permanent magnets burled within a rotor 
structure and a number of phase windings provided on 
a stator arranged concentrically around the rotor struc- 
ture. 

[0031 ] In accordance with a third aspect the tnven- 
io tion comprises a mechanical system comprising an out- 
put shaft driven by a motor, in which the motor 
comprises an interior permanent magnet motor com- 
prising a rotor having a plurality of magnets buried at 
least partially below the surface of the rotor. 
75 [0032] The system may comprise in one arrange- 
ment an electric power assisted steering system 
whereby the output shaft is operatively connected to a 
steering shaft. Alternatively, if may comprise any other 
direct drive mechanical system in which it is desirable to 
20 minimise braking torque during motor failure. 

[0033] There will now be described, by way of 
example only, one embodiment of the present invention 
with reference to the accompanying drawings in which: 

2S Figure 1 is a schematic illustration of an electric 
power assisted steering system in accordance with 
the invention; 

Figure 2 is a cross-section through a motor as 
30 snown in figure 1 ; 

Figure 3 shows the arrangement of the phase 
windings in the motor of f igure 2; 

36 Figure 4 is a plot of braking torque T against speed 
$ for a conventional surface mounted magnet motor 
and a plot of current I against the same speed axis; 

Figure 5 is a conesponding pair of plots for a simi- 
40 lar buried magnet motor; and 

Figure 6 is a cross-s actional view of a prior art con- 
ventional surface mounted magnet motor, 

45 [0034] The electrical power assisted steering sys- 
tem 1 shown in figure i of the accompanying drawings 
comprises an input shaft in the form of a length of steer- 
ing column shaft 2 connected to a steering wheel 3 for 
the vehicle. 

so [0035] A torque sensor 4 is adapted to measure the 
torque applied to a first portion of the steering column 
shaft by a driver as the steering wheel is turned. The 
sensor produces an output signal which is fed by electri- 
cal wires 5 to a control unit 6. An output signal from a 

56 vehicle ignition switch 7 provided on a steering column 
shroud 8 is also fed along wires d to the control until to 
provide an indicator as to when the power assistance 
assembly should operate (although the ignition does not 
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form a part of the power steering assembly). 
[0036] Hie control unit 6 comprises an electrical cir- 
cuit which is connected by wires 10 to a battery 11 or 
other source of electrical power. 

[0037] The control unit processes the output signal s 
from the torque sensor to produce a motor drive agnaJ 
proportional to the torque required from a low braking 
torque electric motor 12 which is connected to a second 
portion of the steering column shaft 2 through a gearbox 
13. io 
[0038] In use, the motor is driven in response to the 
motor drive signal to apply an assistance torque to the 
shaft 2. 

[0039] The motor is shown In schematic form in fig- 
ure 2. This illustrates a cross section through the motor. 15 
[0040] As can be seen, by way of example, the 
motor 12 comprises an internal permanent magnet 
motor. The rotor 300 comprises a rotor body within 
which six planar rectilinear permanent magnets 301 are 
buried. The magnets are equally spaced drcumferen- 20 
tially around the rotor 300 and have alternate north and 
south polarities. The magnets 301 are each located 
within a slot 302 so that the rotor structure encloses the 
magnets to present a substantially smooth circumferen- 
tial surface around the outside of the rotor. 26 
[0041] The rotor is axialty aligned within a cylindri- 
cal stator 400 which, as shown, has nine poles 401. 
Each pole 401 carries a phase winding comprising a 
number of coils of wire. The interior of the stator 400 is 
complementary to the exterior surface of ihe rotor struc- so 
ture so that only a small air gap is present 
[0042] The motor comprises a three phase device, 
each phase for convenience being labelled A. B and C 
respectively. As shown In figure 3, three windings (one 
per pole) are connected in series to form a single phase, 3$ 
and the phases can be connected into a three arm 
bridge to drive the motor. 

[0043] Providing a motor with a low braking torque 
is achieved by maximising the impedance, which in turn 
is produced by rnaxirnising the level of machine reac- 40 
tance, This is achieved in a buried magnet motor. 
[00441 Figure 4 is a plot of motor braMng torque 
against motor speed for a three phase conventional sur- 
face mounted magnet design as shown In Figure 6 with 
all Three phases shorted together. The conventional sur- 4S 
face mounted magnet motor as illustrated in Figure 6 is 
constructed in such a manner where the motor 12, com- 
prises a rotor 100 having permanent magnets 101 
mounted to the surface of the rotor 100 by sufcvile 
means such as a sleeve 102. The magnets are equally so 
spaced around the rotor surface and have alternate 
north and south polarities. The rotor 100 is axially 
aligned with a cylindrical stator 200 which has pole 
pieces projecting towards the magnets 102. said pole 
pieces carrying phase windings comprising a number of ss 
colls of wire. A peak motor torque of 2.75 Nm was 
measured, which due to the gear ratio of 16.5:1 
between the motor and the steering column translates 



to a peak braking torque of S3Nm. 
[0045] Figure 5 shows an equivalent plot for the 
buried permanent magnet motor of otherwise similar 
performance to the motor of Figure 6. The motor has an 
equivalent inductance of 135 mHata frequency of 50 
Hz and a 5 volt drive voltage, compared to approxi- 
mately 70 mH for the motor of Figure 0 of equivalent 
performance. In this case, a peak motor torque of 1.5 
Nm was measured, equal to a peak braking torque at 
the steering wheel of 29 Nm This provides a consider- 
able improvement over the standard design at high 
speeds. 

[0046] ft will be understood that the invention lies in 
the provision of an electric power assisted steering sys- 
tem in which a motor with low braking torque, such as 
an internal permanent magnet motor, is provided to alle- 
viate the problems of unwanted braking forces during 
certain motor failure modes. In some cases, this could 
completely eliminate the need to provide fault protection 
to prevent the driver experiencing the effects of danger- 
ous braMng torque under motor failure^ 

Claims 

1. An electric power assisted steering system com- 
prising a motor (12) adapted to apply an assistance 
torque to a portion of a steering shaft (2) in 
response to a motor drive signal, characterised in 
that the motor (12) comprises an interior permanent 
magnet motor having a plurality of permanent mag- 
nets (301) buried within a rotor structure (300) and 
a number of phase windings provided on a stator 
(400) arranged concentrically with the rotor struc- 
ture. 

2. A mechanical system comprising an output shaft 
(2) driven by a motor (12), characterised in that the 
motor (12) comprises an interior permanent mag- 
net motor comprising a rotor (300) having a plurality 
of magnets (301) buried at least partially below the 
surface of the rotor. 

3. A mechanical system according to claim 2 in which 
the system comprises an electric power assisted 
steering system whereby the output shaft is opera- 
tively connected to a steering shaft (2). 

4. An electric motor (12) of the brush! ess type 
adapted for use In an electric power assisted steer- 
ing system so constructed and arranged as to pro- 
duce a low braking torque in the event of a failure. 

5. An electric motor according to claim 4 whereby the 
peak braking torque of the motor is less than 2 Nm. 

6. An electric motor according to claim 4 or daim 5 
which has an impedance greater than lOOmHenry 
or preferably greater than at least 130mHenrys. 
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7. An electric motor accorcfing to claim 5 in which the 
motor (12) is adapted to provide a peak torque dur- 
ing motoring to the steering shaft of at least 50 Nm 
or preferably at least 100 Nm or more. 

5 

8. An electric motor according to any preceding daim 
which comprises an Interior permanent magnet 
motor having a plurality of permanent magnets 
(301) burled within a rotor structure (300). 

10 

9. An electric motor according to claim 6 in which the 
magnets (301) lie below the level of the circumfer- 
ence and are covered by a magnetic or magneti- 
cally susceptible cover to provide a continuous 
smooth surface to the rotor. is 

10. An electric motor accorcfing to claim 9 in which the 
rotor (300) rotates within a stator (400) and the 
smooth surface comprises a substantially continu- 
ous outer circumferential surface. 20 

» — 

11. An electric motor according to any one of claims 8 
to 10 in which each magnet (301 ) te received within 
a slot (302) in the rotor below the rotor surface. 

25 

12. An electric motor according to claim 1 1 1n which the 
magnets (301) comprise rectilinear flat bar mag- 
nets having planar upper and lower faces which are 
received within slots (302) in the rotor. 

30 

13. An electric motor according to any one of claims 4 
to 12 in which the rotor (300) has a unitary con- 
struction. 

14. An electric motor according lo claim 1 1 , 12 or 13 in 35 

which the rotor (300) is of steel or other suitable v 
metallic material. v^: 

15. An electric motor according to any one of claims 4 

to 14 in which the rotor (300) is hollow whereby an *o 
axle is passed through the rotor to attach the rotor 
to an output shaft. 

16. An electric motor according to any one of claims 4 

to 1 5 which comprises three phases. 45 

1 7. An electric motor according to daim 16 in which the 
motor phases each comprise a number of phase 
windings connected in series or in parallel. 
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